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The System Beryllia-Alumina-Titania: Phase Relations
and General Physical Properties of Three-
Component Porcelains’

S. M. Lang, C. L. Fillmore, and L. H. Maxwaell

The data obtained in the investigation of the phese equilibria in the a

tems beryllia-

a-lumi.nu., beryllia-titania, And aluming-titanis sugiat that the published squoilibrinm d

of thess syatemes need to be revized: the sgstem BeO=Ti0: shows no cotpounds, an sutecstls at
60 +23* O, snd sn area of Tit: solid-solution.

y has thires sutectiea: (11 at 1,890% 4+ 107 C aned abput mole ratip 1Be0:
250°% £ 10%* ' and about mole rativ 2Be(): ALy iSE.E.:"fE
¥

about 55 we:i.ilit reent of Ti0. end 1,
system Ba{)

FALCY (0424 ALO:); (2) et

The

1
AlaCw]; and (3) 8t 1,835° 4+ 10° Cend about 75 weight percent of Al;(Ow, and fwo somgruen

malthog cotn
AlLC—80,3
1.705% +=5°
male ¥atio SALE 4Ti0. (6155 Al
betn) of alumirum titanate {
alpha-beta

unde, BeQ.8ALO, (02,4
Al () Bt 170" L 10°

ALCh) &t 1,310° = 10° € and ehrysoberyl (BeO-
The system AlLL-Ti0y has two eutectics: (1) at
snd about 20 welght g&rmm. of AlLOy; and {27 &t 1,840° + 10° C and abouot
], BRd & high- and low-temperature form {slpha and

Oy, TiCh—06,1%, AlyOy); the slpha {orm is stable from the
foveraion temperaturs of 1,820°% + 107 O and melid congroently at 1,880% + 107 C,

and the beta form seema to he stable {or periods up to 100 hours from room tem LUTe 10

about TR"  and from abgut 1 30 C to lts overwion temperatura.  Thae aquild

ia for the

ayatatn Be()- AlO=Ti( was found o contaln four invarimt.ﬁoinw: (1) a6 1,572 5% C

and sbout mole rati SBe0: 1410, 2Ti0, (16.12], Ba(), 32.7
1,577° +5° C and about mole retho 2BeC: LAl 4Ti0: {10.6
Tilhk): g at 1580 +£5° O and about mole ratio 1Ee(): 1Al

at about 1,765° +10° C and shout mole ratic
, TRER AlLOs, 22.2% Tidw).

AlLQ, 3869 Ti0y: and %}
2Be0: 5AL;05:2Ti0y (7.0% Be
found in this system,

robabl

AL, 51.9% Ti0; (2 at
Be(y, 2169 Aly0, 7.8
1Ti0, (12.1% Bel, 45.3

Mo ternary sompounds were

Tha general physieal properties of practioally inpervious porselalns of this system
were found to be: meaturing renge, wsvally 1LB26* to 1,575% O, but with some of the high-
plumine-cootaining bodles maturing tatween 1,807 aod 1, 700% C; apparent dansity, 3.3 to

4.7 gfem®: ghrinkage, 11 to 19 percent;: room-temperature o]
220,000 Ibfin?; room-temperature transverss atrength, 18§,

ive strepgih, LET.000 to
to 25,000 lbfin¥; Young's
F)

mutiulua at oot lemperaturs, 42,000,000 to -i'i",llﬂﬂ‘;pﬂl] 1b/1n.t; transverss atrength at 1

F (982° c&om 500 to 17,000 lbjin i
t0 41,000,000 1b/in?; relative thermal-

0.81 to 0.8 percent.

1. Introduction

Tha choice of the maximum gas or flame tempera-
ture in & gas-turhine or jet-propulsion engine is
alwsys & comnpromige between the demands of the
designer nnd the characteristice of the aveilable
materiala. (eramic oxlde porcelains cifer matenzla
of mmproved strength at tem tures nhave 1,800° F,
ns comparnd to mctallic alloys, but the inherently
low relative resistance t¢ thermal shock i3 a setious
deterrent to their use. Condequently, the develop-
ment of purp-pxide porcelaing having both high
atrenpth and low thermal! expansion should prove of
considerable interest to desipgn enginears,

Rerontly, attention has been devoted to the com-
{lc::mnd aluminum fitanate (410 Ti(k) beecause of ita

w linear thermsl expsnsion (actunlly negative over
a considerable temperature i]]t-@al’!.r:ﬂﬁr in the r
room temperature to about 1,000° ¢, This s;ﬁ
was undertaken in the hope that the low axpansivit
of this material could be combined with the hig
thermal conductivity of beryllium oxide to obtain &

refractory poreelain that would exhibit high resist-

L Thip profett s spomtared be the Ofee of Maval Research et Cottraet
Maorl 247, ONE Project NIE D32-0T.

roEimata .,
ck resigtanec, poor; and tha linear ther BX
o of & few selected hodies, in the range 25%° to 950" C i

22,000,000
An-

, usualiy wae regular and ranged [ron

oung's modulna at 1,807

ance to thermal shock, high strength at elavated
temperatures, low density, ond that would he
carrosion and erosion resistant.

Although such properties would be partictlarly
applicable to turbine bledes for an aireraft engine, it
18 lmpaortant to realize that the use of oxide porce-
laing in future indostrial units, such ae a gas turbioe
for marine or land instellstion, may be of equal and
possibly of greater importance.  In addition, refrae-
tory porcelaing are of interest to the manufacturers
of spark pluge for nutomotive and aircraft recipro-
cating angines, to the refractory industry in ganeral,
and to the metellurgical industey.

2. Materials, Equipment, and Procedures

The equipment and procedures used in this study
have already bean described (1 to 4).% In addition,
& detsiled discussion of the operation of the high-
teraperature thona-resistor furnacez wos publisﬁed
recently |4]. )

Matarialz of tha highest obtaingbla purity wers
used for compounding the specimens for the deter-

 Figuex It brsokots [ndboabs ¢he Uroratues oaferenont ot the wod of this paper,
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rmination of the phase relationz in the various =ys-
tems: beryllic (BeO)—Huorescent grade of over
99 9-perecnt purity; aluming (AlyOs)—“alpha’ T_ni-
ishing powder of nominal 99.9-percent purity supplied
by the Linde Air Produets Co.; and titania {Ti0)—
apectrossopic grade of over 99.9-percent purity.
mmercislly availablec materials of high purity
wers used in the preparation of test specimens for
the dotermination of physical properties: heryllia —
low celcined material of nominal 99, 7-percent purityr;
alumina—ground, washed, and sieved meaterial of
994535-:::-11; purity, suBrIied through the courtesy of
the Champion Spark Plug Co.; and titama—TAM
“Titanox A-MO™, valeined af 1,100° ., As EEPM
for use, the materiale were, in all ingtences, suthciently
E}]&]y divided to pass the No. 325 U1, 8, Standard
ave,

For the convenience of the reader, the teat proce-
dures employed sre given briefly, Carbon tetra-
chioride was used jor the ab=orption determinztions,
and the results were converted to equivalent water-
abegrption valuee. Matured bodies were considered
to be those having lese than 0.1 parcent of equiralént
water ahsorption.  Shrinkage values were caleulated
from micrometer measurements both hefore and
after heating, Apparent denety values were ob-
tained by calculniionz based on the volume as
determined by & mere volumeter and the drey
waight of the specimen. he enda of the specimens
for the compressive-strength tests were ground paral-
lel, 80 that the heiight.—tu 1zmeter ratio of the samples
was approximately 2. The test pieces were placed
hetwesn graphite-od lubricated, cold-rolled steel
blocks, and the compressive stross was applied at a
rete of about 31,250 (Ibfin)/min by & 75 000-ib
hydraulic prass, Ten cgrclﬂs of quenching from a
furnace at 1,700° F {831° C) to an sir blast at room
temperature constifuted the thermal-shoek test.
Values for the transverse moduli of rupture and of
elasticity were determined at room temperature,
using the loadmgnsyat-am of a trapsverse-strength
test%ummm [4]. Becauee of the poor thermal-shoek
regietance of beryllis-alumina-titania porcelains, com-
perable room-temperature transverss strengthe after
thermal shocking could not be determined. Young's
modulus at room tempereturs was deterpnined afao
by a sonic moathod [8]. The modull of rapture snd
of elasticity at 1,500° F r082° C) were determined by
loading the specimens in tho transverse-strength {est
furnace 4] af 2-minute intervals in eslenlated stress
increments of 1,500 h/in? ‘When it was noted that
the deflection following loading continued after the
firet minute, it was assumed thet permenent defor-
mation, or ‘plastic flow,” had occurred. This
deformation could ba veribed when the best pieces
wera examined for permanent carvacure following
rupfure, In erder to investizate the relative mag-
nitude of the deformution, some of the test hars were
subjected to a shori-fime siress-afram test at 1 300°
F. Beginning at 6,000-1b/in.? stress, stress inero-
ments of 1,500 1b/in.' were added o tha bars at 1-hour
intervals, or until rapture cecurred, during which
time the deflection was measured at regulsr intervals,

Interferometric and dilatometric methods swere used
for the linsar thermal expansion measuraments.

The reported phase relations for the four systems
investigated dunng thiz study were determined not
only by interpreting the results obtained mainly
from the meltingpoint and softening-range ob-
servations, but aleo From petrographic and X-ray
examinntions. The detsils of the melting-point
and softening-range method are given in the pu
licalion devoted to the determination of the melti
point of alumina [1] snd in others [2, 3]. In ad-
dition, tha three low-melting invariant-point tam-
peratures for the svstem BeO-A1,0Ti0; were reda-
termined, using a conventional type pletinnm-wound
quenchiog furnace.  The differences obmerved, using
the two methods, are discussed in section 4.1.

The assiprment of mole ratios to the varous
binery ond ternary ihvarient points is not intended
to indicata w belief that such invariant points cor-
reapond to definite mole retios: henee, when ap
invariant point i3 described, it iz snid to be located
“gt mbout mole ratio . . . ." Tho oxperimental
work wes done on the moleratio basia because
if there Ja an unknown compound present, ita
composition will nearly always correspond to a
simple molecular retio, and, if sufficient simplea
mole-ratic mixturez gre heated, the chances of
mizing the compound are minimized, ardless
of the type of inveatigational procedure eml;%}rad.

3. Subordinote Binary Systems

When this investigation was first undertaken, it
wag assumed that the equilibria of the three sub-
ordinate binery systems been determined nd-
equately, Howewer, when it became necessary,
because of inconsistant data, to redetermine the
eriticel mixtures in ench of the aystems, 1t was
found that the resull= of the present stedy did oot
ngree in many respects with thosg given in the
literatura, .

3.1, The System Peryllia-Titania

The equilibria in this system were described hy
Waortenburg, ot sl. [7] a9 including two congruentl
melting compounds, 3BeQ.Ti(), at sbout 1,300°
and Be(.Ti); at about 1,720° C. The results of
the present investigation (g, 1} indicate that the
gystem containg no mmpuun(%ﬂ, that a singla enfectie
existe at about 85 weight percent of TiO, and 1,670°
4+5% C, and that a nerrow region of Ti), mixed
crystals (an ares of solid-solution} extends from
just beyond the eutectic to pure titania. Early
in the atudy, seven mixbures, rahging in composition
from about 55 to 94 porecnt ufn%iﬂg, worn specially
heat-treated for X-ray diffraction examination.
Each of the mixtures wes heated to about 10 to 15
deg C above the melting point of the mixtore e
given by Wartcnburg, cooled to the reported
solidus temperatures, that temperature meintained
for sbout 2 hours, and the mixture then cooled
fairly rapidly (about 400 deg C/hr te about 1,000° ).
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X-ray exarnination revealed that no compounds had
been formed sad that the specimeans consizted entirely
of bromellite (Be() end rutile (Ti0y).

Because the eguipment was not available for
high-termperature qurenching studics, all the mixtures
studied had to bo cooled ralatively slowly from the
lignidus temperatures. As a reault, neither petro-
graphic nor X.-ray examingtions could substanti-
ete the existence of the high-temperature solid-
solution, and the resuita are necessanly bassd upon
the observed melting behavior of the mixtures.
All the obaervationa of melting behavior of com-
positions in this system were made on specimens
prepared from ground and reopressed mixtures that
had been caleined at 1,650° C for either 4 or 5 hra.
Tuble 1 gives the results of the petrographic and
X-rn cxamingtions of spme of the mixtures studied

e systam Be(-TiO..

A limited atudy by the Pennaylvania State Collepe

18] of eome of the porcelains in this systern mdicated

Treez 1,

that no compoeunds were formed, and it was suggested
that a solid-scluticn exists at higher temperatures.

3.2. The System Beryilia-Alumina

A vonsiderable amount of work has been done on
the systere beryllia-eluming. In 1932 Wartenburg
and Reusch [9] described this as a simple eutectic
dys . In 1946 (Geller, et al. [2] cry=tailized and

termined the mﬂgruant. melting pmnt- of the com-
pound chrysoberyl (BeQ.Al()). They s ted
that the chrysoberyl could teke st least 2 moles, but
not 3 moles, of aluming inte eolid splution, Recently,
Foster and Rognl !10] in Bn investigation of alumina
spark-plug bo foumd that the compound Bedd.-
B3AL(k exists in the system.  They did neb Jetermine
the melting point of that compound, but, t,hmu%{:
detailed discussion of previous work on the berylia-
alumina ayatem, they sugeested the possible forms
for the equilibrivm disgrem, pending determination
of whether the compound Be().3 , melied con-
gruently or incongruently.

Figure 2 chowe the cquilibnpm diagram of the
aystem &s redetermined for this study. Three
entectics were located: (1) at 1,800° +£14° O end
about mole ratio 1BeD:4A1,0, f'ilel 200 AlO: {2) at
1,850" +10" O and about mole ratio ﬂBeD:EMgD.
{35.09% ALO,) : and {3) at 1,835%° £10% C and about
75 weight percent of AlXD;. The melting point of
the recently reported compound Be(. {02459,
A,] D was found to be co ent at 1,910% L 107 {7,
t of chry=obery] (Ba(rAlD, —80.3% ALO)
was I‘El:l&tﬁl'l]]]]]ﬂd at 1,870° £10° . An interssting
fenture of the new compound, cafomt,ed out by
Foster nnd Royasl, i= that its npt: ropertiez Are
almost identical to those of chryscheryl, and t-hal; th&
only reliable identification meth is by X
examingtion. Teble 2 gives the resvlta of thﬂ
potrogrephic and X-ray examinations of some of the
compositions for this system. More than $5-per-
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cent conversion to the compound chryseberyl wae
found when equimoler mixturea of beryllia and
zhiming were heated at 1,250° ! for 4 hrs.

In this system an unidentified phaee of high indsax,
3=L180 to 181, was found petrographically to
be most pronounced, ranging up (0 an estimaied
10 parcent by velume, in those mixtures whose eom-
poBitiona ed from chrysobery]l to slumina.  An-
other unidentified phase ranging up to an estimated
15 percent by volume, was found by X-ray ezamina-
tion in thoee mixtures whose compozitions ranged
jrom chrysobery] to beryllis. The phase observed
by X-rays was found to have & major d-spacinge of
3.13, 2.71, and 1.916 (CuK..}. In Do instance was
it pumhle to determine the presence of both uni-
dentified phase= in tho same specimen and there was

TABLE 2.  Rerndts of mefting-potnd and softering-re
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Fravre 3. The eystem aluming-filania.

ne indication that beth phases were similar in any

respeat In addlt.mn it was not possible at any time
to 1dentify either phase i the same specimen by both
petrographic and X-ray examinsations, The mnou,ut.

of sontemination in these specimens was shown eadv
spectrographic analyses to be very small, not exc

ing 0.0F percent, slthough previous uxpunenﬁe 1]
had shown that when alumina was melted 1 B
thorisresistor furnnces eontamineiion of thu melt
hy the furnace atmosphere resulted.

3.3. The Systam Alumina-Titania

. Phora Relafona

The reports of both Wartenburg [8] and Bunting
[11] on tlf:s gystetn indicated & autect—!c at about 20
we:ght. percent of alomina and shout 1,710° C, »
congruently melting compound &t about IEEI]“ C
{AL0;. T0,—as det.ermme;r! by Bunting), and & sutee-
tic at about 62 weight parcent, of alumina and about
1,850° . The reaults of this study, figure 3, am

Age obesrretions and of petrographic and X-roy scominoiions
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generally in close agreement with the resuits of those
investigationa. In addition, however, it was found
that there are two forme of aluminum titanate.
Two autectics were located at 1,705° L5° U and
ahout 2¢ weight percant of ALy and at 1,840 +10°
C and about mole ratio 5ALOG:4TiO; (61.595 ALO,).
The beta, or low-temperature, form of ehrminum
titanate (ALO,TiQ. 56.1% AlD)) seems to be
atabla for periods up to &bout 104 hr in the range
from room temperaturte to about 750° C and from
about 1,300° to its jnversion temperatora at about
1,820° C. The zlphn, or high-temperature, form is
gtable from 1,820° to it3 melting ]]:Z:Di.[ll'. at 1,860° 4+10°
C. Itisrealized that the equilibria pmfoaed for the
low-temperature stability of the beta form of the
equimolar compound is not corveet, but it was not

considered of sufficient interest (o devote considerabla
time and effort to completely investigate tha kinetica
of the problem. All the observations 9f melting
behavior of compositions in this systen were made oh
spacimens prepared from ground end repressad mix-
tures that had been caleined at either 16757 or at
1800° C for 2 hr, Table 3 grvee the optical and
-roy properties of the two forms of aluminum
titanate, and table 4 pives the restlts of the petro-
graphic axaminstions of some of the mixtures of
this system. ) L
Becanza of the very viscous nature of the liguids
formed when mixtures of alumina and titania wera

‘heated, especially for those containing more than 40

waight percent of slumina, considerable difficulty
was oxperienced in mt-erpretmg the melting-point

TAErE 3. Opical and X-ray properiter of alpha and beta ale ménum fdanale

Oplisal propertica E-ra¥7 Alftacrbin patberns (o sy radlatbhn}
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e b | de | i
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................ | 1

Far AT, Ti0r, many of
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TABLE 4.

e s ALy, TH0y, many of them wétm viery weak (beot SI2)
e oae very wenk (11201480,

Restelts of melting-pofnl and sofiening-ronge obseroadione and o (i petrographic end X-rap spaminetions of tome mixlfures
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and softening-range data. The information gathered
for the nonatahle melting relations indicated another
eompound (st about 58%, of alumina) in the eystem
in addition to aluminum titanate (56.19% of alumine).
This new phase was later identified as being the high-
tempergture form (alpha) of the sguimolar com-
pound. The shifting of the maximum melting-point
temperature sround the 1:1 mixture toward alumina
indicated an inconpruent melting of aluminum ti-
tanate or a solid-zglutien of aloming n aluminum
titanate. Eight mixtures in addition to the 1:1
contaming hetween 50 and 65 weight percent of
alumina, wers prepared and their melting points and
fusion ranges determined, using hoth conventional
and rapidly heated and mulﬁ furnaca schedules.
The reznlts of these tests indicated (1) the existance
of an eutectic ai ebout mole ratio 5A1,0; : 4T, (2}
the existance of the alphs form of sluminum titanate,
and (3) the maximum liguidus temperature for the
goriea of mixtures located very close to the 1:1 com-
pusition. Although these results seem to show that
the Al;0y:Ti0, melta congruently, the poseibilities of
incongruent melting and of alumina-aluminum ti-
tenate solid-solution cannot be discarded entirely
because of the extreme difficulty exporienced in de-
terminimy the high temperatures involved, especially
with the viscous nature of the liquids formed at thoss
temperatures.

In order to obiain the two forms of the aluminum
titanate, it was necessary to heat the samples very
rapidly in the ranﬁc 800° to 1,500° O (vsually oot over
1% hri and to cool at = rate of at least 800 dag Cfhr
{actually cooled 400 deg C in the first 5 min), Be-
couzn of the poor thermal-shock resistance of the
thoria muffle in the furnace, onty & limited number of
tests of this typa wers practicable. It was only by
this means, howaver, that the aipha form could be
partially “frozen” in the samples.  Slow cooling per-
nitted complete reverzion of the alphe to the beta
form in every instance, indicating that the reaction
ia reversible.

b. The Ceompound &leminum Tilanate

A communieation from the Penneylvania State
College [12] gave the information that the linesr
thermal expansion of aluminom titanate o the ranpge
from room temperatuzre to about 1,000° C was lees
than that of fused silice. Accordingly, the compound
was formed, the linear thermal expansion was nea-
sured, and the result was found to agres. However,
during a second dotermination of the expansivity,
when the test temperatura was raised to 1,500° C, &
vory marked increase in the expansion rate for the
materiel was found. An additionsl determination
was made using the same specimen and heating it
to the same maximum temperature. The hi
exponsion rate was vetified. During the copr
tion of these results, it was noted that the maxmum
prgative expaneion value and temperaturs during
heating, the temperature st which the expansion be-
came positive during heatimg, and the heating and
conling curvea ware markedly different for cach test,
Another test sample was preparad, and the expansiv-

THERMAL EXPANSION, R

LINEAR

TEMPERATURE, C

Fraves 4. Ldneor thermal scpaneton of bela aluminum titanote.

‘regt apealmen was pre trom equlmalar proportlons af T cxbden, pretsed
&L T4 1, 26 1,800°  for 1 hour before testing 1si best enrre ———,
M TeEL CUFPE =———

ity to 1,500% ' wos dotermined twice, using this same
specimen. The results of these teats are shown in

ure 4. A phase change waa indicated in all the
expanzivity determingtions for the compound by tha
c]:mngbe in slope of the heating curve between abont
1,107 and 1,300° O, combined with the difference in
the heating and cooling curves, and the prowih of
the specimen after each test. However, no transi-
tions in the range 900° to shout 1,350° O were evident
by differential thermal analyaes.

An investipation of the possible dissociation of the
compound was then underteken. The relative
amounts of the formation, desomposition, end re-
fnrm%l;i‘an p{oducts of a.lumingm titanate Eara eati-
mated 1n volurmea ‘pércent.aigag ¥ petroprapme exarm-
ination. Original crystallization was accomplished
by heating equimeolar mixtures of sluming and titania
athtemperat.ures of 1,600°, 1,700° and 1.R00" O for
1 hr.

Threa groups of raw maeterials of varying purities
were used. Seriea A material was made from
oxides of the highest purity obtainable (the same
g3 thosa wsed for the phasc-relation studies), series
B material was made from commercially available,
high-purity oxides (the same as those used for the
determination of physical propertice), and eeries
C matericl was made from cnmmercia.ily available,
high-purity alumins and apectroscopic grade -
tanin, For pach of the groups complete conver-
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sion fo the compound resplted from the 1.800° O | of these ssmples, which had received various heat
electric-furnace heat frestment. After the 1,700° C | treatments, for the study of the formation, de-
tresatment, the B snd C mixtures were completely | composition, and ro-formetion characteristics of
converted, but the purest mixturs was 98 percent | aluminum titanate.
converted.  After the 1,600°C treatment the im- From these and earfier results it was found: (1)
pure miciures were 9% to 98 percent eonverted | that an srea of instability exists for the cotopound in
to the compound, and the A mixture was 90 per- | the temperature range from abaut 750° to 1,300° C,
cent converted. In addition, two trials at low | (2) that, generally, the purer the component oxides
temperatuyre were camried out for the wvery pure, | used for the formation treatment, the more easily the
A, mixturs; after 8 hr at 1,350° C, the materisl | compound 13 decomposed, (3) that reformation from
contained about 5 percent of aluminum titenate, | thn decomposed stnte seems to occur more readily for
but after 20 hr at 1,300° ' the specimen contained | the pure maierial than for the originally less pure
about 10 percent, When heated for 1 hr &t 1,700° O | material, () that the effset of gns firing 45 the method
in & gas-fired furnace, about 95 percent of the | of hent treatment increnses the formation snd re-
highest purity mixture wns converted to the com- | formation rates, regardless of the purity of the mate-
pound. These results indicate that the higher ria}, and (5) that it ap thet two simultansous
the purity of the original materials, the more diffi- | processe=, formation and decomposition, cceur within
cult is the formation of the compound at tempera- | & mixture of slumina and titania during the lower
ture= below 1,800° C, temperature {reatments (gbout 1,100° to 1,300° )
One sample of tha A materiel, which had been | with decomposition procesding at a faster mte than
heated at 1,.800° C in an electric furnace, and one | formation aftor a time interval of something less thon
eampls of the B material, which had been heated | 25 hr.
ot 1,700 °C in & gas—ﬁred furnace, were rehested A recent report by Hamelin [13] substantiates to a
at 1,.200° 0 for 25 hr. The result was that only | certain extent the upper himit of the sluminym
about 2 percent of the compound remaingd in the | titanate instability region reported in this paper.
A material, nnd only about & to 8 percent remained | She found that heating equimolar mixtures of alu-
in the B material. This indicated that decom- | mina and titania, with and without a 5-percent addi-
position data would not only be rmecessary for [ tion of boric oxide e o mineralizer, ut 1.250° C for
the phasze-equilibrium investigation, but would be | % and 1-hr periods resnlted in no combinntion but
equally important to the industrisl fabricator using | that heating the same mixture for 10 min at 1,450° C
-purity commerecially availahle materials. | resultad in completa conversion to the compound.
erefore, two bulle samples of series A and series In addition, limited investigation of the properties
B materials were prepared. Teble 5 gives the | of aluminum titanste bodies prepared both frem raw
resulta of the petrographic examinations of & number | &nd prarescted materiale ravealed that (a) pure ahi-
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minum, titanats specimens are extremely friable when
formed from the component oxides, (b{ ghapes hawre
somewhat preater strength when formed from pre-
reaeted material, (e} the strength at room tetnpera-
ture is poor for either formation procedure when com-
pared to the at ths of normal oxide peorecclains,
and (d} the linesr expansion i3 very low, but
only in the range from room temperature to about
1,000° C. :
3.4. Titanium Dicxide

Although it was gﬁ arent that titanium dioxide did
reduee 1o the Be()- systemn, and to & much lesser
extent in the Al(y-Ti; and Be(-Al:0,-Ti0, =ys-
tema, thegamount of reduetion is considered aa bemp
in traca quantities beenuse ne evidenee of reduction
could be found by petrographic or X-ray annlyses,
The discoloration of the samples (to a dark hlue-black
in extreme cases) i3 evidence of the reduction of
titania, but it is well known that very small amounts

of Ti;0, (FII‘EES than 0.01%) heve extremely strong
coloring effacta,  The discoloration wes noticed only
in those specimens that contsined free titamis.

Hherwise the semples were white or very light tan,
4, The Syatem Beryllic-Alumina-Titania
4.1. Phasa Relatione

A search of the literature revesled that there ara no
}:ubllshed reporta of o systematic study of the aqui-
ibria in the system berylia-slumina-titanis. The
results of this investigation are shown in fipure 5, in
which the indicated equilibria are bosed on the as-
sumed congruent melting of sipha alvminum titanste
{sec. 3.3, 8). The limitation of funds did not permit
cotnpletion of this phase of the investigation,

The report of this project to the (Mfice of Naval
Resaarch [14] listed the inveriant points of the sye-
tewn, as being at (1) 1,575% 4 5° C and mole ratio
1Be(): 1AL, 1T, (2} 1,579% £5% C and molaratio

Fraoyrx b, The system berpllia-alumina-titonia,
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2Be(:1ALO;:2Ti0,, (3} 1,586° +5° C and mole
tatio 2Be(}:1 A0, 4Ti(),, nnd (4) probably at about
1,755% +10° C and about mole ratio 2Be0: 5410, :
2Ti0;. No ter compounds or areas of solid solu-
tion, were positively identified, Reeults ruported to
DONR wera ub::tlmnadffmm melting-point n.nddm;ten-
ing-r gtudies of compositions prepare T
gﬁumd re mix E-'lipr\g: that ha]:]i been calcined
at about 1,570° C for 1 hr. Table 8 gives tho results
of pet ap]nc examinations of some of the mixtures
studied (zee also fig. B for the locations of the mixtures
on the ternary diageem).

Following the report to ONR and using & conven-
tional type platinum-wound guenching furnace, a
limited mumber of tests for & more accurate deterrm
nation of the three low-melting invariant point tom-
peratures were made. [t was found that at mole
ratio 1Bely:1 A0, 11Ty, (12.1%; Ba(, 49.35% Al y
38.6% Ti0, the selidus tamperature was 1,580

+5°C, at mole ratio 2Be0: 1AL, 1 2Ti0, (16.1% Be
32.7% AL, 51,29 Ti0,) it wa.ﬂ 1,572° £5° C, and
at mole ratio Eﬁﬂﬂ' 1ALG,: {-Trl]'; {1069 th
21,69 ALO; BT.HY Ti:) thi= temperature was
1,577°45° C.
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In addition to obtaining information ontha differ-
ences in Tesults that can be expected between the
twe methods of determining liguidus and solidus
temperatures, identification of the primary phases
was more readily established when the specimens
could be gquenched rather ecooled relatively slowly
83 in the oxide-revistor furneces. I$ was found salso
ttgn}tl.._ t.hehl 11 ﬂhr;;;i b:ryh?l 2:1:3 mixhﬁ Were locat.eﬂ
within the riTner e 00, &5
that tha 2:1:4 mixture wl;.s la{.-.a%es withiﬁha rutile
field. The linear thermel expansion messurements
{eee sections 4.2 and 4.3} gave another indication
that the 1:1:1 miziure should be located within the
chrysoberyl field. It is Delieved, however, that the
frue invarant point compositions are located within
sbout 2 weight percent of the compositions of the
mole ratios used to deseribe the invariant points.

4.3, Caramic Bodios

Tablez 7, 8, and 9 give the maturing data, the
strength-test values, and the results of the sfress-
pirain studies of various porcelsing whose composi-
tione represent that area of the trisxial disgram
ifig. ﬂ{ in which bodies coundd be formed with am
equivalent water absorption of lees than 0.1 percent,
Figure 7 shows the etress-strain relations of those
bodies selected for trensverse-strength testing at
1,200°F. The snly porcelain that showed no plastic
deformation during the testing hed the meolecular
composition 1Be(:1A1,.0,: 1Ti0,, Figure & shows the
effeet of %, 1, and 4 mole additions of beryllium oxide
on the linear thermal expansion of the compesition
1M!03:]Ti.ﬂg.
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4.3 Decussion

Although the limited information available did not
permit statistical analysis of the strength-test data,
certain trends were indicated,

a. HEocan-Temparature Strength Tasie

Fairly good ement wae noted for the values of
compressive and transverse strength of the bodies
(see tables 7 and 8). Those porcelaine having the
highest compressive strengtha also showed the high-
est transverso atrengths, and simjlarly, the lowest
compressive strength bodiea showed the lowest trans-
verse strengthe.

b. Boom-Temparature-Elasticdty Tasts

Young’s modulus of slasticity at room temperatura
{table 8) was determinad by both sonic and static
methods, using ber specimens with a span of 5 in.
Unfortunately, the sonic n[i(pa,ratus was not used
beéfore the bars had been broksn transversely, and it
ig, therafore, impossible to compare the values ob-
tained by the two mathods for the same test speci-
men. owever, it wae found that the walues
obtained by the sonic method wers consistently
only betwesn 1 snd 3 percent higher than those
obtained by the siatic method for differont epecimens
of -any given composition, Such sgreement is con-
gidered as being pood. When bars of one composition
wera tested, for which & 3-in. span wase used, the

AJTEAENT Was Poor.

c, Transrarme Strangth ot Roon Temperature Varaue T)
Sirength ot Bevated Temperatpre (1,500° T Famavere

The transverse strengths nt 1,800° F were ordi-
narily ahout 50 percent lower than the values for
specimens of the same body composition tested at
room femperature (table 5). ose haviog the
higheat strengihe at room ternperature {with one
exception) hed only medium or low strength st
1,300° F, but those with the lowest strengths at reom
tiaglﬂ?}?%‘mm aleo had the lowesé strengthe st

d. Elastieily at Room Tempsraturs Varson Hastcity al Elevabed
Temparaiure (1,300 F)

Young’'s modulus values from data obtained nt
1,800 F were ordinarily 25 to 40 percent lower than
the values for specimens of tho same body tested at
room tamperatura (teble 8} Poor sgreement was
moted for the ralativa elasticity values at the two test
temperatures. This may have been consed, in part,
by the fact that the 1,800% F test values ‘were
calenlated from the loweat part of tha deformotion-
load diagrams whers the “plastic flow™” was rela-
tively small; the deformation of any one bar was
not 8 linear function of the loading of tha bar,
except for those specimens of mole composition
1Ba :IAIQD;:ITiDm

+. ShessStraln Belalons Vermcx and ElasHcity at
Hevated Tampexzaturas (1, * F}

Except for the bodies of mole composition $Be0;
1AY,0,:9Ti0,, the strain rates for the beryllia-alumi-
na-titanin porcelains at 1,800° F and 12,000 lbfin?
siress (tables § and &) were only about 10 to 25 per-
cent of the valuea for beryllia porcelaing in the eystem
berylia-alumina-zircoma [4]. It was possible to
com the atre=ssirain and strength values of the
baryllia-alumina-titania E)omelains only at stresses
between 6,000 and 9,000 1b/in.*. In this streas range,
it waz notad that there wes geod agreemont between
the atrein rates and the tronsverse strength, that is,
those bodies showing very [ittle or no strain ordi-
narily had the highest transverse sirengths, and those
with the higheat strain ratea had the lowest trans-
verse stroongths, A =mmilsr apreement waa noted for
the strain-rete—modulus-of-elnsticity relations,

When the sirain rates of the shori-time stress-
strain testy at 1,800° F were high {(above 1.9 (in.fin.}f
min at 6,000-]bfin.? stress and above 2.6 (in.fin.}/min
gt 9,000-1bfin i stress} the relaiively slow loading
rate, (1,500 Ibfin.")/hr of the stress-atrain test
Ta= 1n transverse-strangth values ae much as 35
percent. lewer than those chtained with the mora
rapid loading, (1,508 Ihfin.%/2 min, of the regular
traneverse strength test, The etrength values
obtained for specimens that hnd strain rates lower
than those indicated were within 3 to 4 percent of
sach other, regardless of the loading method used.
A 5percent deviation is considered as good apree-
ment.,

1. Ganeral Discussion of the Poroslaing Developad

It is believed that ihree of the body compaositions
developed in this investigation (15Be(:5A1,0,:1Ti0,,
6Be0:1AL0, 2TiQ., snd 3Bo0:2AL0,:1TiQ,) may
find vse in high-temperature applications where
strangth, but not thermal-shoek resistance, is of prime
importance, The properties determined for these
threa bodies are compared in table 10 to the renge
of properties determined for sll of the beryllia-alumi-
na-titanin porcelains developed.

The high compressivestrength value for the 3:2:1
composition wes totally unexpected because the
normal eryetallization of chrysoberyl would suggest
considerably lower strength, This and the 15:5:1
body had the lowest strain retes determined for
theizr?oree]ains. Of particular intereet to those con-
cer with strength at high temperatures would ba
the 1:1:1 body; no loss in transverse strength {about
17,000 1hfin.*) waa ohasrved at 1,800° F when com-
pared with the value determaned st room tempers-
ture, However, the 1:1:1 body had s high elas-
tieity—23 million lb/in.? &t room temparature and 36
million 1bfin? st 1,500° F.

The sion characieriztics of the throe highest
strength bhodies, 15Be0; 5AL 0, 1Ti0., 6Be0:1ALD,:
2Ti(k, and 3Be(d:2A1,0;: 1TiCy, are very 8 ilar to
that ehown by curve 3 of hfgure 8. It iz poasible to
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correlate the expansions of the porcelains reported

LB" F (2™ ) strength

w | &l £ with the expansions of the primary phases for the
Sq | EX _ ., e fialds in which thesa compositions are located.
. Eg e & -?3 Fram the phase relations existing in the system
18| f8 ¢ = beryllia-alumina-titenia (fizs. 5 and 6), it can be
£y 7 |7 = zeen why an sluminum titanete-beryllis poreelain of
£ . . outstanding thermal-shock resistance canoet be
Bl | £s & deyeloped. A study of the disgrsm shows that an
F1E8)58 1 5 ug addition of beryllia to aluminum titanante, and at
F gi 27" *g the expense of the alyminum titenate, forms chry-
= 1 =z = sohery!l, which is noted for its high expansivity, verg
| . : Iz conrge erystallization, and rather low st th
EL T ; RS stmilar cxamination, shows alsc that ne free ber ia,
ggg SR 1 for thermal-conduetivity benefits, could be availabla
Fa= “ E until more than ahout 20 weight percent of beryllia
EE... 3 had been added, and that before that percentage
£ | L% had been reachod no low-expansivity aluminum
EE §§ = titanate can be formed.
2
o H 8. Summary
r _fc _ The system beryllia-titania contains no com-
] EX £ % mn pounds, & single cutectic exiats at nboui 85 weight
a £3 percent of Tih and 1,670% £3° C, and a narrow
= = region of mixed erystala (an area of solid sclution],
— : s indicated by the melting behavior of various mix-
= ; tures, extends from just beyond the eutectic to tha
2l | =2 oy melting peint of pure titania.
£3 53 = Threa cutectics in the system beryllis-alumina
L ' were found to be at: {1} 1,890° +10° C and about
3 molo Tatic 1Be0:4AL0;, (2) 1,850° £10° C and
- about mola ratio 2Ba(); 3151.1903, and {3) 1,835° £10°
B g and about 75 weight percent of alumina. Tha melt-
£ i R b ing point of the recently reported compound BeQ.-
g Hg 3 was found to ba mngggnt at 1,910 £ 10° C,
B = and that of chryscheryl ( ALY was redeter-

mined at 1,870° 4 10° (.

Haom-temiporalun: streogth

it prews] v

In the system alumina-titanis, it is probable that

2 E % the compound AliOy TiQ. possesscs two forms, The
Ay slpha, or high-temperature, form is stable from the
alpha-bets inversion temperature of 1,820° +10° C
to its conpruent melting point of 1860° £10° C,

iz,

AnTE-
ext dog-
sity

A8 | 157 to 29110F

4 H

5 e The bets, or low-temperagture, form secms to be
- gtabls for periods up to 100 hr from room tem tura
to aboot 750° C and from about 1,300° C to ita
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thon

]
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a2

inversion temperature. {One entectic at 17057
+5° C and abont 20 weight percent of alumina and
e ohe at 1,840° +10° C &nd about mole ratio 5410~

0.0 | 3. 73

azn

Properting ol waberiky

e B 4T3 were found in the syatem. There ia some doubt
ng io whether the aipha aluminum titanste melts

Taoee 10, Sumsory and comperfean of the physical propertiza of some beryifia-gluming-tilonia porcelaing

alurs

‘Tiedper= | Ahelnk- | Ahawp-

congruently or incongruently, but the majority of
HEE B BB the data indicate that the melting is congruent.
LT T T Although aluminum titanate exhibits low linesrs

vy thermal exponsion, only friable, very low-strength
uﬁ_'ﬁﬁ_ﬁriﬁ-’ﬁ bodies c¢an be made by usiong the pure componant
: s = oxides with no other additions. When such a body
—— is used at temperatures between about 750° and

pocition Maturing

e Fadliod

!

Rt Al TiOy | OO

Com|

1,200° C, a gradusal increase in the expsnsivity can
bn expected, which can be traced to the decomposition
Lo of the aluminum titanate into its constituent vxides,

& =x Three invariant points sre indiented in the system
& oan beryllis-alumine-titania: (1) 1,672° +5° O and
about mole retio 2Be(r:1AL0;:2Ti0D,, (2) 1,577°

1880, -, .

All powiw[akng. -
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4+5° C and about mole ratio ZBe0:1ALOy:4Ti0,,
and (3) 1,580° 45° (' and about mole ratio 1Be(}:
1&];0\3:1'1‘50;, It is probable that another invariant
point is located &t about 1,755° +10° C and about
mole ratic 2Be0):5ALD:2Ti(. Thess inverant
points wera located in thet area of the triaxial di-
SETRIN representing mixtures containing leas than 13
weight percent of beryllia. .

Early in the developmeant of tha beryllia-aluming-
titania refractory poreelains and after the investi-
gation of the phase relations exisling in the terngry
syetem, it was evident that any sttempt to combing
the high thermal conduectivity of bervllia with the
low expansivity of the compound aluminum titznate
could not be =vccessfnl. However, s nuomber of
relatively high-strength high-temporaturs porcalning
were developed. They may be of uge in applications
whers thermal-chock resistapce 1= not of prome
importance. The rapge of values for the gencral

hyzical properties of practically impervious poroe-
ains of this system were found to be: maturing
range, usoally 1,525% to 1.575% I, but with some
of the highﬂuminmntaining hodies maturing
hatwean 1,600° and 1,700° C; apparent density, 3.3
to 3.7 gfem®; shrinkape, 11 to 19 percent; room-
tern perature compressive strength, 187,000 to 280,000
Ibfin £; ropm-temperaturs transvarsa strength, 13,700
te 25,000 Ibfin.?; Young's modulug at room temper-
ature, 42,000,000 to 47,000,000 Ib/in.}; transverse
gtrength at 1,500 F (8527, 10,500 to 17 000 1b/in.t:
approximate ‘fuung’s modnlus at 1,800° F, 22,000,000
to 41,000,000 1bfin.*: relative thermal-shock resisi-
ance, poor; and, the linear thermal cxpansion of a
few selcctod hbodies, in the ranga 25° to §50° C,
usually was repular and ranged from 0.81 1o 0.89
percent.

The gothors scknowledge the assistance of Howard
E. Swanson and Barbara Sullivan in the preparaticn
and nterpretation of the X-ray powder diffraction
patterns and for the differential thermal analyses.
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